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OBJECT ;- 

The  object  of  this  Thesis  investigation  was  to  as- 
certain wnether  the  power  developed  by  an  hydraulic  rom   coald 
be  determined  by  means  of  an  indicator, 

definition:- 

The  hydraulic    ram  is   a  device   which   receives   a   cer- 
tain amount   of  water  under  a   certain  head  and   elevates   a  por- 
tion  of   this   or  other   water   to   a   greater  head,        Wnen   the   wa- 
ter pumped  is   a  portion  of   that    supplied   the   ram  is   said   to   be 
single   acting,        V.rhen   the   water  pumped  is   taken   fi'om   some 
source  other   than   that   of   the   water   supplied   to   operate   the 
ram,    it   is   said    to   be   doubleacting.        What    follows   will    apply 
only    to    single   acting   rams. 

ACTION  :- 

The   action  of  an  hydraulic    ram  i s   as   follows;    (See 

Pig,    la,   Plate   I),        Water  enters    the   rai'/i   through   the   drive 
pipe  E,    sometimes    called   the   supply   pipe.        It    escapes   through 
the  waste  valve  B,    also    called   the   clack  valve,        Y/hen   tne   wa- 
ter has   acquired   a   sufficient   velocity^the   friction  of   the 
clack   valve   causes   i t    to    close.        The   water  in   the   supply  pipe 
having  acquired   considerable  momentum,    forces    the   clack  valve 
Q,  open,    and   forces   a  portion  of   the   water  into    the   air  chamber 
C,    and  out    through   the   discharge  pipe   F.        The  air   chamber  is 
necessary   in  order   to    avoid   the   severe   effects  of  water  hSiTimer 

which  otherv/ise   would   take  place.        When   all    the   dynamic 
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energy   of   the   water  in   the   drive  pipe  has  been  used  up   in 
pumping   a  portion  of   the   water  against    the   discharge  pressure, 
the  pressure   in   the   air   chamber   tends   to    force   the   wate^"  buck 
through   the   check   valve.        This    check   valve    closes   but   not  un- 
til   the-  water  in   the   drive  pipe   has   acquired  a   slight   i-everse 
motion.        This   reverse  motion   causes   a   reduction  in  pressure 
beneath   the   clack  valve   causing   it    to    open.        If   the    clack 
valve  opens    slowly   a  vacuum  is  produced  beneath   it.        As    soon 
as    the   reverse  motion  of   the   water^  in   the   drive  pipe,    has 
been   stopped  by    the    force  of  gravity,    the   water  again   flows 
downward   and   through   the    clack  valve.        This    series  of  opera- 
tions may   be   called   the    cycle   of   the    raj-n.        The   rate   at   which 
these   operations   are  performed  depends  upon   the    supply  head; 
discharge  head;    the    size,    shape,    and  inclination  of   the   drive 
pipe;    and  ojj   the    character  and   adjustment  of   the   ram. 

As  a  rule  considerable  difficulty  is  met  with  in  the  op- 
eration of  hydraulic  rams  in  keeping-  suffi  ci  ent  air  in  the  air 
chamber.  The  water  leaving  the  air  chamber  absorbs  a  consid- 
erable omount  of  air,  thus  gradually  removing  it  all  unless 
constantly  replenished.  In  the  Deming  rams  provision  is  made 
for  automatically  injecting  a  small  amount  of  air  into  the  air 
chamber   eacn   stroke.        This  is   accomplished  as   follows, (^y 

When   the   clack   valve   is  opened  by    the    rush  of  water  up 
the   drive  pipe, a   small    amount   of  air  is  dra^vn  in.   This   air 

collects  beneath   the    check  valve   at    q,    (Fig.    I,    Plate   I),    and 
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is   forced   into    the   air   chamber  when   the   clack  valve   closes  a- 
gain.        When   the    ram  is  pumping   against  heads  oT   twenty  pounds 
or  more,    a  large  vacunm  is  produced  in   the   ram  at    the   instant 
the    clack   valve  opens,        A  very   large   amount   of  air  is    thus 
draivn  into    the   ram.        The    result   is    that,    sometimes,    the   ram 
pumps   air   for   the  most   part,    and  very   little   water,    at  high 
pressures, 
FIRST   APPT.inATIQW   Oj    INDICATOR ;- 

As   far  as   the   writers  know,    the   indicator  v/as   first 
applied   to    an  hydraulic    ram  at    theyPennsylvania  0niversi  ty  ,'■■;/ 
The   indicator  was   attached   to    the    ram  below   the    clack  valve 
and  was   also   attached   to    the   drive  pipe  near  the    supply    tank. 
Only   a   few   cards   were   taken  as   they    were  not    thougnt    to    show 
much  of  interest.        The   indicator  drum  was   rotated  at   a   con- 
stant   speed  by  means  of   a   chronograph,    so    tnat    tne    time  of 
the   various   events    could  be   determined. 

APPTJ CATION    OF   TUNING    FORK  IN    TIMING    THE   EVENTS   OF   THE    STRQICE: 
In   the  present   investigation   the  metnod  of  obtaining 
the    time   of   the   various    events,    from    the    cards,    was    that   de~ 
vised  by   Instructor  Arthui-  H,    Anderson,    of   the   Armour  Insti- 
tute of  Technology,        This  method   consists   in  alloxving   a  pen- 
cil,   attached   to    a   tuning    fork,    to    trace   a   curve  upon   txie    same 

card   as    ,    and   simultaneous   with    the    curve   traced  by    the  indi- 
cator. 
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COHDITIONS;" 

A  nijmber  12  Hydraeram,   made   by    the  Darning  Company  of 

Sal  em, Ohio,    was  used   in   this   investigation.        The   water   *as 
supplied   through  an  inclined  pipe,    49   Pt,    7  In.   long,    and  mak- 
ing an  angle   of  6-2/3  degres  v/ith   the  horizontal.        The   water 
was   supplied   from  a   constant  head  of  6.1    feet.        The  globe 
valve   in   the   supply   pipe   was   full  open  during   all    the   runs. 
The   discharge  pressure   was  varied   for   different    runs.  For 

variation  in  discharge  pressures    see   tables. 

■ARRAN^rMENT    Of  APPARATUS;- 

The   arrangement   of   the   apparatus   as  used  in   connec- 
tion with    this  Thesis  investigation  is  well    shown  in   the   ac- 
companying photographs   and  blue  prints. 

The   supply    tank   is  located  in  one   extreme    end  of   the  Hy- 
draulic ■'".aboratory.        The   water  is    supplied   the   ram   through  a 
I -1/2 -inch  pipe,    taking   water  from   four  inches  below   the   water 
level    in   the   reserx^-oir  or   supply    tank.        The   reservoir  receiv- 
es  its   supply   from   the    city  main.        The   v/ater  level   is  main- 
tained  constant,    in   the    reservoir,    by   allowing  an   excess  of 
water   to    enter   the   tank,    from   the   city  main,    thus  insuring   at 
all    times   a   flow  through   the  overflow  discharge  pipes  near   the 
top   of   the   reservoir.        There  is   but   one  bend  in   the    supply 
pipe,    and   that   is   a   right   angle  bend  near  the   enteran^e   to    the 
ram.        The   supply  pipe   is  provided  with  a   single  globe  valve 

for   cutting  off   the   supply,    and   this   is  located  as   shown  in 
the  photograph    ^     page    j  , 
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The   water  that    escapes   through   the   clack   or  waste  valve 
is   caught   in  a   suitable  i  nolo  sure    suri'ounding   the    ram,    and  is 
discharged   through  an  one-inch  pipe   into    either  of   two   weigh- 
ing  tanks   resting  upon  platfoi-m   scales.        The   waste  water  may 
be   discharged  into    either  of   the    two    tanks  by  manipulating   the 
three-way  valve   as    sho\\m  in  photograph  2    ,   page     l  ,        The 
waste   valve   is  weighted  and   the   amount  of  opening,    or  in  other 
words,    the  length  of   the   stroke  is   regulated   by   a  nut  upon   tne 
valve    stem,    (See  photograph     8,   page  5     ),        The  discharge  pipe 
is   connected   to    the   air   chamber  as    shown  in   the  photograph  8    , 
page  6    ,        By  means  of  a   three-way  valve   the   water  may    be   dis- 
charged into    either  of   two  pails;   photograph     6^   page  8    , 
The   discharge  pressure,    or  head,    is   regalated  by    a  valve   X*, 
phctogS-aph  3    ,    page  3,   located  as   shown  in    the  photograph  in 
the  discharge  pipe.        The   discharge  pressure   in  pounds  per 
square   inch  is  obtained  by   observing   the  position  of    ^he  mer- 
cury  column  in   the  pressure  gauge   G,    as   shown  in  photograph 
page  ^    ,        The  gauge  is  placed  between   the   ram  and   the  pres- 
sure  regulating  valve.        In  obtaining   the   true  discharge  pres- 
sure,  due  allowance   was  raade   for  the  position  of   the  gauge 
with   respect    to    the  datura  plane.        The   datiim  plane   above   which 
all   pressures,    or  heads,    were   reckoned  was   taken  as   a  horiz- 
ontal  plane  passing   through   the   cen'-er  of   the    supply   pipe   as 
it    enters    the    ram, 

A  Pairbank's   2000  pound  platform   scales,    graduated   to 
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read   in  one-half  pounds,    was  used   for  weighing    the    waste  watai- 
A   small   100  pound   scales,    graduated   to    read    to   one  nandretn  of 
a  pound,    was  used   for  weighing   the   water  pumped.        A  view  of 
the    small    scales   is   given  in  photograph   q   »   page    s   ;    and  a 
view  of   the  large    scales   appears   in  photograph    3  ,    page    3  . 
T.TEASURE  OF   THE  VARIABT.E  PRESSURE   IN    THE   RA?,1:- 

Inorder  to  obtain  a  measure  of  the  variable  pressure 
in  the  ram^  and  acting  on  the  clack  valve  B,(Fig«  I J  plate  I), 
an  indicator  was   attached   as   shoivn  in  photograph   I    ,   page    2  , 

A    calkins    sterm  indicate  v   a'qs    ased.        A   thirty  pound 
spring   v/as  used   throughout    the    test.        It   was  necessary    to 
dispense   with   the   ordinary   dram^  used   for   steam   engine  work, 
and  provide   a  drum   capable  of  being   continuously    rotated  in 
either  direction.        For   this  purpose   a   special   drum,    three 
inches   in   diameter  and   four  and  one-half  inches  in  length,    was 
made.        To    rotate   the   drum  continuously   an  one   tenth  horse 
power,    G,    E.,    shunt   wound  motor   was  used.         The   normal    rating 
of   this  motor  was   2000   R,P,M,    but   in  ordei'    :o    obtain    the   de- 
sired  speed  at    the   drum  a   serier  of   reducing  pulleys   were  in- 
terposed between   the  motor  and    the    ram,    giving   a   reduction  of 
One    to    thirty.        Two    rheostats  were  placed  in   series   with    the 
armature   winding,    by  means   of   wni  ch    the    speed  of   tne  motor 
could  be   reduced   to   6000   R,P.M,        By  means  of   the   rheostats 
very   fine   regulation   in   speed   could  be  obtained.        The  low 
speed   was   desired  in  order  that   diagrams  of   two    consecutive 
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strokes  migiit   be   traced  upon   the    same    card,    while   the   drum 
made  one   revolution.        A  groove   was    cut   in   the  lower  portion 
of   the   drum   to    receive   a  belt    from   the   reducing  pulley. 

In  order   to    determine   the   time  between   successive   strokes 
and  various   events    ,    given  on   the   indicator  cai'd,    provision 
was  made   for  a   tinning   fork,    electrically   vibrated,    and   suita- 
bly moanted,    to    trace   a   curve  upon   the    same  paper  as,    and   si - 
multaneous   with   the  pencil   of   the   indicator.        The    tuning   fork 
was    so  mounted   that    the  movement  of  both   fork   and  indicator 
motions   were   in   the    same  vertical  plane;    and   the  pencil  poini-s 
were   in   the    same  vertical   line.        By    this   constiiiction   the  in- 
dicator diagram  would  be    corrected   for  any   variation  in   the 
speed  of   the   indicator  drum.        For  a  view  of '/ the    tuning   fork, 
indicator,    and  motor,    see  photograph    I  ,   page    2  , 
CT.ACK  VAT.VE  PENCIL  MOTION;- 

In  order   to   determine   the   action  of   tne    clack  valve, 
with   reference    to    the   indicator   card,    a  pencil  motion  was    con- 
structed,  by  means  of   which   the  motion  of   the   clack   valve   was 
transmitted   to    an  arm   carrying  a  pencil.        This  pencil    also 
traced   in   the    same  vertical   line   as   the    tuning   fork    and  indi- 
cator.       The  pencil  mo  Gion   was   attached   to    the   clack  valve  as 
shown  in  photograph   8   ,   page   6    .        Errors  due   to   lost  inotion 
ware  guarded  against  by   attaching  a   spring   to    the  pencil    arm 
as   shown  in  photograph   I    ,   page   2    . 


r  I 


opera.tioh:- 

The  operation  of   the    ram  was   as   follows.        The   res- 
ervoir,   or   supplja   tank,    was   allowed   to    fill    from   the   city  main 
so    that   it   was  overflowing   through   the   overflow^'^the   valve  in 
the    supply  pipe   was    then  o]-.  ened  and    the   water  allowed   to    enter 
the   ram. 

Two    series  of   runs   were  made.        The   first    series  of  runs 
was  made  with  valve  openings  ofl    one-half,    one,    two,    three, 
and   four  turns.        For   each  valve  opening   a   set   of   runs  was 
made,        Begining   with  as  low  n   discharge  pressure   as  would  op- 
erate  the    ram,    and   increasing  by   increments   of   two   pounds,    foi^ 
each  run,   until    the  limiting  discharge  pressure,    at   which   the 
ram  would  deliver  water,    was   reached. 

In   the   operation  of   the   ram   the   air  accumulated  so    rapid- 
ly  as   to    cr.use    the  water  level,    in   the   air   chamber,    to    fall 
below   the   discharge  pipe.        In   this   ease   a   quantity  of  air 
would  pass   out    the   discharge  pipe,    and   the  pressure   wo^uld 
fluctuate   so   greatly   as   to  make  it   impossible   to  make   a   satis- 
factory   run. 

In  order   to  provide  a   separate    escape    for   the   accumulat- 
ing  air,    an   air  cock   was  provided   and  attached   to    the   top   of 
the  air   chamber,    as   shown  in  photograph    5   ,   page    7   .        That 
the   water  level   in   the   air   chamber  of   the    ran  might  be  kept 
constant,    or  at  least  be   at    the   same  level    at   the   end  as   at 
the  begining  of   each   run,    it   was  necessary    to  pi-ovide   a  gauge 
glass.        Accordingly   a   water  glass   was   attached   to    the   air 
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chamber,  as  shown  in  photograph  4  ,  p-^se  4  .  With  the  addi- 
tion of  both  air  cock  and  gauge  glass  a  second  series  of  runs 
was  made;    with  valve   openings  of  one,    two,    and   three   turns. 

4 

Begljuing  with  a  discharge  pressure  of   five  pounds   for 
each   set,    the  pressure  was   increased   for   successive   runs  by 
five  pound   increments.        With  air   cock   and  gauge   glass  it   was 
possible  ito  (^;  regulate   tlie   escape  of  air   that    the   water  level 
remained   constant    throughout   a   run.        It    was   impossible   to 
make    rnns   at   high  discharge  pressures,    however,    because    tne 
rarn   ceased   to  pomp   a   satisfactory   amount   of  water,    although 
with    the   discharge  vcdve   completly   closed  and   the    clack  valval /^ 
open   four   tuams   a  pressure  of   thirty    two   pounds   could   be  ob- 
tained,   still    the   ram  woiold  not    satisfactorily   discharge  water 
for   the    same  valve  opening  against   a  pressure  of   twenty  pounds 
due   to    the   accumulation  of   air.        With   a  discharge  pr'essure  of 
twenty   five  pounds  ^  the   air  accumulated   so    rapidly    that   it   was 
impossible   to    relieve  it    without    effecting    the   water  level   in 
the   ram.        It   was  on    this   account    that    the    results,   or  data. 
Obtained   in   series  number  one   were   rejected. 

The   water  discharged   through   the   waste  or  clack  valve   was 
collected  and  weighed  in  a  box  tank   resting  upon  platfoir^n 
scales.        The  water  pumped  was  discharged  into   either  of   two 
pails   and  weighed  upon  a   small   1 00- pound  Pairbank's    scales. 
The  gauge  used  on   the   discharge  pipe   was   a  Tagliabeue  mercury 
column  pressure  gauge   reading    to    thirty   one  pounds,    and  cali- 
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brated   to    read  in  one-half  pounds.        During   each   r-un  of  both 
series   four  good   cards   v/ere  obtained.        Two   of   tnese   were    tak- 
en with   the   drum   rotating   at    such  a   rate   that   it   was  possible 
to    trace   a   complete   cycle  of  operations  upon    the    same    card. 
Two   of   these  were   also    taken  v/ith  a  faster   speed  in  order   to 
mcire   clearly   brinp;  out    tne    changes  oecuicJ-ng   while   the    clack 
valve   was   open.        The    cards  used   were   four  by    ten   and  one-half 
inches.         The    cards    ivere   wrapped   around    the   drum   and  lield   in 
place  by   two    rubber  bands   one   at    either   end.        The  motor  was 
closed  down  while  placing   cards  upon   the   drum,    and   also    while 
removing   them.        The   arrangement   was   such   that    the    tuning   fork 
traced   a   curve   at    the   top   of   the   ca'^d,    the   indicator  at    the 
bottom,    while    the    clack   valve   pencil   motion    traced   a   curve 
between    the    tuning    fork   and    the    indicator. 

In   taking   cards    the   three  pencil   motions   were   simultane- 
ously  pressed   against    the    rotating   drum,         A   blue  print   ot    on'^ 
of   the    cards   obtained  is   herein   shown.        For  a  view  of   the   ar- 
rangement  of   the    tuning   fork,    indicator,    and   clack   valve  mo- 
tion,   see  photograph    i   ,    page    2  •        The   tuning   fork   was    elec- 
trically vibrated.        The    runs   were   each  of   fifteen  minutes 
duration.        During   each   run   close  watch  was  kept   on   the    supply 
head    to   make    sure    that    the  head    remained    constant.         The   posi- 
tion of   the   weight   on   the    clack   valve  v/as   the    same    for  all 
runs. 


r  r 
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CA"rJBRA-TIONS:- 

The    scales  used   Tor   weighing   the   water  wasted,    and 
those  used   for  weighing:   the   v/ater  pumped,    were   calibrated  wi  tii 
standard   weights,    before   and   after   the   experiment. 

The    scales  nsed    for  Aveighing    the   xvaste   water  were  bal- 
anced  with    the    empty    weighing    tank.         Fifty   pound   weights    were 
then   added  up    to    six  hundred  pounds,    the    scnles   being  balanced 
after  the  addition   of   ea:h  weight.        The   scales   wei-e   found   to 
very   accurate,    being   correct    to   within  one-half  pound  in   six 
hundred.        The    sensibility   of   the    scales   was   found  by  noting 
the   weight   which  had    to   be   added   to   disturb   tneir  balance. 
This   vms    found   to    be   less    than  one-fourth  pound,    for   a].l  loads  ^ 
NO    corrections   were  made,    therefore,    to    tne   weights  obtained 
by    these   scales. 

The   scales  used   for  weighing   the   discharge   water  were 
calibrated   in   a    similar  manner  and   found   to   be   correct.        They 
were    sensible    to    the   hundreth   of  a  pound   at   iill   loads. 

The   indicator   spring   was   calibrated  by   attaching   the  in- 
dicator  to    the   air   chamber  at  D,    (Plate   4),        The  pressure   was 
increased  by   two   pound  increments  up    to    twenty    four  pounds, 
and  then  decreased  by   the    same   amounts.        At    each  pressure   a 
line  was   drawn   on   the    card.        The   true   ordinate   for   each  pres- 
sure  was   assumed   to   be   the  mean  between   the    two    tnus   obtained 

for   each  pressure.        The    scale   of   the    spring   was   found   to   be 
fairly   uniform,    varying    from  26,5    to    27,0   pounds  per  inch. 


4    ^ 
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The   friction  of   the   indicator  was   cor.stant.        But    the    erroe_ 
due    to    friction   and  lost  motion   was    rather   excessive,    being 
about    three    -fourths   pounds. 

The    tuning   fi- rk   was   calibrated   against   a   standai-d   f o '-"k 
whose   frequency   was  one  hundred.        The  period  of   the   fork    was 
found    to    be   0.0298    seconds. 

The  planimeter  used   was   calibrated   and   found   to    read  one- 
half  percent    too   high. 
CORRECTIONS :- 

Due    to    the    fact    that    the   indicator  and  gauge   were 
located  at    some   distance   above    the   datum  plane  pit   was  neces- 
sary  to    apply    several    corrections.        The   datura  plane   was   taken 
as   the    center  of   the   drive  pipe  E,    Plate   4;    and  all    the  heads 
were   calculated   from   this  plane,        Water  was   assumed   to    rise 
to    the   point  A   in   the   pressure  gauge.        This  point    could  not 
be    found  very   accurately  but   is  not  more   than  one-half  inch  in 
error.        Since  A  is  one   and  one-half   feet   above   the   datum 
plane,   one   and  one-half   feet   were  added   to    the   head  indicated 
by    the   gauge. 

When   taking   cards    the    cylinder  of   the   indicator  was   fill- 
ed with   water  up    to    the    relief  holes   C    above    the   piston,    from 
which    the    water   that  leaked  by    the   piston  overflowed.        When 
drawing   the   atmospheric  line  on   tne    card,   however,    the    cylin- 
der was   empty,    due    to    the    water  draining  out.        Because  of 
this    the   distance  between   the   atmospheric   line   and   tne    rest  of 


(corrections   Cont.)  -13- 

the    card  was    shorter  in   all    cases    than  it    snoald  be.        It   was 
therefore   necessary    to    correct    for   the  height   BC,    Plate    4,    tne 
ordinate   of   the    card   being  increased  by    the  pressure   due    to 
the   column  of  water  BC»        This   was   done  by   drawing   a  new  at- 
mospheric  line   at    the  proper  distance  below   the   original   one. 

When   the   indicator   spring   was   calibrated   the  indicator 
was   attached   at   D,    Plate   4,    and   the  various  pressures   applied 
v/ere   read   from   the  gauge   G.        Since   the   indicator  was   then 
filled  with   water   to    the    relief  holes   at   E  it   v/as  necessary    to 
add    the   pressure   due    to    the    column   of   'vater   EA   to    the   pressure 
given   by    the   gauge,    in   order    to   obtain    the   pressure   on    the   in- 
dicator piston. 


-14- 
POWER:- 

The  unit   of  pov/er  may   be  looked  upon   as   a   rectangu- 
lar prism,    v/hose   dimensions   arej^^one    cubic    foot,    one  pound  per 
square   foot,    and  one  minute.        The   volume   vroald  be  one   foot 
pound  per  minute,         A  volume    33000    times    as  large   would,   repre- 
sent  one  horse  power.        On  Plate  2,    Pig,    I,    is    shovm   such  a 
unit.        The  volume  ABCDHGEP  represents  one   foot  pound  per  min- 
ute,   and   the  volume  ABIfTJGEJ   represents  one   foot  pound  per 
hour.        The   surfaces  of   such   a  prism   are   of   three  kinds,   name- 
ly:  pressure-volume;    time-volume;    and  pressure~time.        The 
volume   r'epresenting   the  power  of   an   engine   is   seldom  a  rectan- 
gular prism,    but   is   a  prism  whose    section  in   the  pressure-vol- 
ume plane   is  of   the   form  given  by    the  indicator   card  of   the 
engine.        Thus   if  ABCDEP,    (Fig,    2),    represents   the  indicator 
card  of  a   steam   engine,    and  DD'    represents  one  minute,    then 
the  volume  A  B    C  D  E  F  A'b'c'd'e'f'    represents    the  power  of 
the   engine   in   foot  pounds  per  minute. 

In   the    case  of   the  hydraulic    ram  it   is   impracticable    to 
obtain   an   indicator    card   i  .    the   pressure -volume  plane    due    to 
the  peculiaritja  of   the  machine.        It   is  possible,    however,    to 
obtain   an   indicator   cird   in   the  pressure-time  plane,    and  know- 
ing   the   volume   of   water  puinped  per   stroke,    determine    tne    rate 
of   doing   work,    i,    e,    the   power   expanded.         Thus   if  ABCDEFG, 

pig,    2,    represents    the    indicator   card  of   n.n  hydraulic    ram  in 
the  pressure-time  plane,    and  AA'    represents    the   volume   of  wa- 
ter in   cubic   feet  pumped  per   stroke    then   the  volume   ABODE 


I       I       I       I       1       I 


(power  Gont.  )  -IS- 

F  G   A 'E 'C 'D ''E'f'g'    represents    the   work   done   per   stroke.        By 
integrating    the    card  obtained   in    the  pressure-time  plane,    the 
mean  pressure  in   the    ram  during   the    time   tne   discharge  valve 
was  open   can  be   determined.        This  multiplied  by    the    time    the 
discharge  or   check  valve  was  open,    in  minutes,    and   by    tne   vol- 
ume of  v/ater  pumped,    in   cubic    feet,   per   stroks,    v/ill   give    the 
foot  pounds   of  work   per   stroke  in    forcing   the   water   through 
the   discharge  valve   against   the  discharge  head,    and   friction 
of   the   discharge  pipe.        This   work  multiplied  by    -he  number  of 
strokes  per  minute   and  divided   by    35000   will   give   the   indicat- 
ed horse  power  of   the    ram, 

CARDS:- 

The  kind  of   cards  obtained   from   the   ram  are   snown  on 

Plate   3,        Both   cards   were   taken  during    run  number  nine,    sec- 
ond  series.        Card  A   was    taken  with   the   drum  of   tne  indicator 
rotating  at   about    sixty   R.P.M,,    while   card  B   was   taken  with 
the   drum  making   about    twenty   R.P.M.        Card  B   was   taken   to   ob- 
tain  the    events   of  a   complete   cycle  of   the   ram.        Card  A  was 
taken  at   a  higher   speed  in  order   to   obtain   that  portion  of   the 
cycle  between   the    closing   of   the   clack  valve   and  its   reopening 
on   a  larger   scale,        ^y  obtaining   a  larger   card   the    time  be- 
tween  the  various    events,    and   the  mean   effective  pressure,    can 
be   determined  more   accurately. 

With    reference    to    the   indicator,    the   operation  of   tne    ram 
is   as   follows.        The   clack  valve   closer     uring    the    time   rep- 
resented by  AP,.    (see   Pig.    3).        The  pressure   in   the    ram 
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increases    slightly   as    the    folw  of  watei-   throagh    the   clack, or 
waste, valve   is    chocked  off.        As    soon  as   the    clack   valve  has 
closed   completely,    the  pressure   vdthin   the   ram   rises  very    rap" 
idly,    producing   what   is  known  as   water  hammer. 

The  oscillations   of   the   water  in   the    supply   pipe   are   rap- 
idly  diminished  due    to    the    friction  of   the    check  vnlve^^  and  of 
the    supply  pipe,        V/hen   the  mean  pressure,    during   these  oscil- 
lations,   falls   below   the  pressure   in   the    air  chamber,    tne   wa- 
ter in   the    air  chamber   flows  back    througn   the   check  valve  un- 
til   the   friction  of   the  passing   v/ater   closes   the   valve  at   C, 
The   pressure  below   the    clack  valve   then   falls,    due    to    tne 
backv/at'd  movement   of   the   water  in   the    supply,    or  drive,   pipe. 
At  D    the   clack  valve    re~opens   and   the    flow  of  water  down   tne 
supply  pipe  begins. 

In   calculating    the   indicated  horse  power  from   the   cards, 
the  mean   effective  pressure  used   was    that    existing   during   the 
time   the   check  valve   was   open.        The   check  valve   was   assumed 
to   open  at   g,    i,e,    when   the  pressure   below  tne    check   valve 
reached   the   d-schage  p.  essi-re.        The  valve  was   assumed  to 
close   at    the  point   c,    wnere   the   line   drawn  by    the   indicator 
ceased   to    change   -^  n   d^r   ct:fr..        This   would    seem   to   indicate 
that    the   accelerating   force   due    to    tne   discharge  pressure  had 

been    removed   from    the   water   in    tne    supply   pipe.         Since    the 
discharge  valve   is  hidden   v/ithin   the    ram,    it   would  be   very 

difficult    to    accurately   determine   its   action. 


C0NCLUSI0N3:- 

The   results    show   that   an   indicator  may    be  used   to 
determine    the  mean  pressure  v/ithin  an  hydraulic   ram,    luring 
the   time  of   discharge,        IT   the    rate  of  discharge   is  known  the 
total    energy   developed  within   the    ram  may   be   found. 

The   difference  between   the  pressure   indicated  in   the    ram 
and   the  pressure  in   the  discharge  pipe  varies   from  one-fourth 
to   one  pound.        The  loss   in  pov/er  due   to    this  drop   varies    from 
five   to    seven  percent,    of   that   indicated.        This   shows   that 
the   greater  part  of   the   waste   energy   is  lost   in   the  drive  pipe 
and   clack  valve.        The  loss    caused  by    the    clack   valve  is  not 
very   great,   however,    as   the   back  pressure  produced   cannot  be 
noticed  on   the   indicator   card.        The   drive  pipe  is,    therefore, 
responsible    for  most   of   the  loss   in    energy, 

From  the  curve  traced  by  the  tuning  fork  on  the  cnrft,  the 
duration  of  the  various  events  of  tne  cycle  may  be  obtained  ve 
very   accurately.        The   average   times   are  given  in      Table  III, 

In  the  test  mentioned  on  page  3,  (First  application  of 
indi  cator)  Jthe  conclusion  ".raT  arrived  at  that  tne  number  of 
strokes  per  minute  varied  inversely   as   the  lengtli  of   stroke. 

From  Table   III    it   is    evident    that   tni  s   is  very  nearly 
correct.        It   is,    however,    evident   that    this   rule   applies 
better   to    the   time  the   clack  valve   is  open,^.  that  ispThe   time 
the    clack    valve   is   open   varies   directly    wi  tn    the  length  of 
stroke. 
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The   followins    formulae   is    found    to    hold   approximately 

for   the    time   of   discharge. 

p  t  =  oVs" 
Where''p''Is   the   discharge  pressure, 
"t"is    the   time  of  discharge, 
"S"the    stroke  of   the    clack  valve, 
and   "C^a   constant   depending  upon   the   adjustment  of 
the   weight   on   the    clack   valve. 

For   the  particular  ram  used  in   this  investigation   this 
expression  becomes, 

P,  t,=V2n 
Where   "p"is   the   discnarge  head  in  poands  per  sq.in. 
"fthe   time  of  di  sciiarge  in   seconds, 
and   "n"the  niAmber  of   tum^    t]-.9  aat  on   the    stem  of 
the   clack   valve  is  open.        Each    turn   corresponds    to   I   /  18  of 
an   inch. 

The   efficiency   of   the    ran   shown  in   table  II    are   excep- 
tionally high   for   a   ram  of   this   size.        They   can  only  be   at- 
tributed  to    the    fact    that    the   ram  was  put   in   first    class    con- 
dition before  begining   the    tet. 

Tie   results   in  Tables  I    ti  II    are  accurate   to    vdt^Jn   about 
one  percent.        Due    to  ..di  f  fi  culty   in   getting    average    cards,    the 

results   in  Tables  III    &  V   are  not    so    accurate.        This  is   due 
to    the    fact    that   the    ram  does  not   operate   quite    tne    sane  when 

the  indicator  is  in  use,    as  when  it   is  not,      ^o -^ •>  A^-^^^^ 
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-:    INDI-^ATED   POWER   OF  AN  HYDRAULIC    RMI    :- 

--• ooooOOoooo 

TABLE  I. 

OOOOOO&GOO - 

NO    OP  WATER  IN   POUNDS    STROKES  HEAD   IN  FT,    WATER.  Wms 

RUN, PUMPED,      WASTEDoPER,  IN, SUPPLY.  DISCHARGE.  OPEN. 

1  87,33               228          95,5          6.1  13.03  i. 

2  29,34                250         lO^i,              6.1  24,57  I 

3  7,31                 214        105,              6,1  36.10  I 

4  228.35                561            52                6.1  13.03  2 

5  111,00                63S           62                6.1  24.57  2 

6  65.26                625           63                6.1  36,10  2 

7  272.40                869           37                6.1  13.03  3 

8  137,74             1008           41                6,1  24,    57  3 

9  Si.  42                9  59           42.5           6.1  36  .-10  3 
TO         24,24                974           40                6.1  47.64  3 

ooooOOoooo 
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-:    INDinATED   POIVER   OP    A^"  HYDR/UTJf    R/M    :- 

ooooOOoooo 

~:    TABLE   II     :- 

-----ooooOOoooc - 

RUN     WATER  IN   POUNDS    STROKES  HEi^D   IN    FT.    V/ATER  Ej^-'FI  CI  ENCIES 
NO    OP,PW/IPED.      WASTED, PER. MI N,  SUPPLY.    DI  SGHARGE.  ^^^^  ^     "'i^lT   ' 


I 

87.33 

228 

95. 

,  o 

6.1 

13.03 

59.2 

43.5 

2 

29.34 

250 

108 

6,1 

24,57 

42.3 

35.5 

3 

7.31 

214 

105 

6.i 

36.10 

19.5 

16,8 

4 

228.86 

561 

52 

6.1 

13,03 

61.9 

46.3 

5 

III. 00 

6  36 

62 

6.1 

24.57 

59.8 

o2.9 

6 

65.26 

625 

63 

6.1 

36.10 

55.9 

51.4 

7 

272.40 

869 

37 

6,1 

13,03 

51,0 

35.6 

8 

137.74 

1008 

41 

6.1 

24.57 

48,3 

41.4 

9 

81,42 

959 

42. 

5 

6.1 

36,10 

46,3 

50,3 

0 

24,24 

974 

40 

6.1 

47.64 

19.0 

16.9 

■ — 0000 '^'^000  0- 
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IITDI  GATED   POVffiR   OP  M   HYDRAUt.Iu    RAiM    :- 
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TABLE  III, 
-ooooOOoooo  — 


NO     TIME  OF 
OF    DISCHARGE 
RUN,      IN 

SECONDS. 


TIME   OP  TIME   GTA.CK 

CYCLE  VALVE   IS 

IN  OPEN   IN 

SECONDS.  SECONDS, 


MAXIMUM 
PRESSFRE 

DUPJNG 
DI SCHARGE, 


0.246 


0.625 


0.356 


51 


2 

O.IOO 

0,559 

0.412 

17 

3 

0.072 

0.571 

0.474 

21 

4 

0,402 

1,163 

0.727 

16 

5 

0.185 

0.979 

0.772 

23 

6 

0.I2I 

0.954 

0.808 

32 

7 

0,508 

1.679 

1. 142 

17 

8 


0.235 


1,466 


1. 197 


24 


0,156 


1,435 


I  ,255 


33 


10 


0.134 


1.503 


1.340 


35 
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WATER  PER   STROKE 
TABLE  IV. 
)) )))0000oo0000(( ((( 


NO 

WATER 

WATER 

WATER 

WATER 

OP 

PUMPED 

WASTED 

PUMPED 

WASTED 

RUN, 

POUNDS. 

POUNDS. 

CU,    FT. 

CU.    PT. 

I 

.06096 

.1591 

.000977 

.00254 

2 

,01811 

.1543 

.600290 

.00247 

3 

.00  464 

.13536 

.000074 

.00217 

4 

•  ,29  341 

,7192 

.004701 

.01152 

5 

,11935 

.6838 

.001912 

.01095 

6 

.06906 

,6613 

,^'•■"'1106 

.010596 

7 

.49081 

1.56  57 

.007864 

.02508 

8 

,22396 

1.6390 

'.no35SS 

.02626 

9 

.12771 

1.5043 

.002046 

.02411 

10 

.04040 

1,6233 
-uoooOOoooo 

.0')()647 

.02601 
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TABLE  V 


DATA  FROM  CARDS 


NO 

AREA 

DI 3CHARGE 

OP 

OP 

LENGTH   OP 

M.E.P, 

M.E.P. 

HEAD   IK 

RUN. 

CARD. 

CARD. 

CORPJSCTRD. 

POUNDS, 

I 

0.578 

2,75 

5,64 

5.36 

5.65 

2 

0,447 

1,03 

11.00 

|;.22 

10.65 

3 

0,455 

0.76 

I6v05 

16,27 

15,65 

4 

0,870 

3.76 

5,20 

6,42 

5,65 

5 

0,66 

1.60 

11,05 

11.27 

10.65 

6 

0.65 

I. OS 

16.13 

16.35 

15.65 

7 

0.825 

3,92 

5.64 

5.86 

5,65 

8 

0.76 

1.68 

10.78 

11.00 

10.65 

9 

1.030 

1.68 

16.43 

16.65 

I  5,65 

0 

1. 107 

1.44 

20.60 

20.82 

20.65 
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